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Crude shale oil from a TOSCO II oil shale retort was 
pyrolyzed with steam at atmospheric pressure in a bench- 
scale tubular reactor packed with ceramic balls. The reac- - 
tion variables and their ranges studied are
temperature 13OO-16OO F
residence time 0.4-1.2 sec
steam-oil mass ratio 0.4-1.2
The results were correlated with a pyrolysis severity factor 
which combined the effects of the three reaction variables. 
Increased severity of operation resulted in increases in 
conversion by weight to both solid and gaseous products, in 
total volumetric gaseous yields, in light saturates and 
light olefin yields, and in hydrogen yields. The maximum 
yield of ethylene oucained was 3-3 standard cubic feet per 
pound of feed which corresponds to 24.2 weight per cent of 
the feed. The maximum total light olefins yield was 3.8 
standard cubic feet per pound and 31.8 weight per cent of 
feed. The results were found to be higher in ethylene and 
total gaseous product yields than the results of a similar 
study made with crude shale oil from the Bureau of Mines 
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The recent national concern for developing new sources 
of energy has increased interest in creating ways to utilize 
the vast reserves of oil shale in the U.S. This attention is 
evidenced in the numerous commercial projects being undertaken 
for the production of synthetic fuels from oil shale (1). 
Research and development of synthetic fuels from oil shale 
has been directed toward processing schemes involving retorting 
followed by a combination of coking, hydrostabilization, 
hydrodenitrogenation, reforming, and cracking (2).
Typically, crude shale oil has a high content of organic 
nitrogen ( 2% by weight) as reported by Sladek (3) and Atwood 
(4) and comprehensively characterised by Poulson, et al. (5) 
and Cook (6). Since nitrogen is a poison for current refinery 
catalysts, existing refineries would not be able to cope with 
the high nitrogen content of raw shale oil if it were a 
substantial part of the refinery feed (2,7)* Frost, ejt al.
(7) reports that the National Petroleum Council has suggested 
that crude shale oil be upgraded at the retorting site. The 
Energy Research and Development Administration in Laramie has 
developed a method for refining shale oil that involves the 
upgrading proposed by the National Petroleum Council (8).
The upgrading would require severe prerefining steps. Thus, 
any alternative use of shale oil that does not require pre- . 
refining may be both practical and economical.
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An alternative use of shale oil is as a feedstock for 
production of chemical intermediates such as ethylene, 
propylene, benzene, toluene, and xylene. Steam pyrolysis 
of hydrocarbon feedstocks is the most extensively used 
method for production of petrochemical intermediates (9).
Since steam pyrolysis is not a catalytic process, it may 
not require severe prerefining of the feedstock. It 
therefore becomes an attractive alternative.
Previous studies of the utilization of shale oil as a 
steam pyrolysis feedstock have been undertaken by the U.S.
Bureau of Mines (10) and the Institute of Gas Technology (11) 
with significant results. Chambers and Potter (12) report 
maximization of ethylene should be the objective of steam 
pyrolysis.
The role of ethylene as a chemical building block in 
the petrochemical industry is great and will not be further 
discussed here. Traditionally, most ethylene has been produced 
by cracking ethane and propane due to the high product yields 
possible. However, recently the availability of ethane and 
propane for feedstocks has not kept up with the demand. The 
continuity of feedstock supply is almost more important than 
feedstock price (13). Recently naphtha and heavier feedstocks 
have been used as alternative feedstocks for ethylene production.
••Developmental studies of crude oil pyrolysis 
indicate that ethylene and other olefins can 
be produced at lower cost and higher return 




Thus, crude shale oil may be utilized as an economical, 
readily available feedstock for ethylene production.
An overall research program has been developed to study 
the utilization of shale oil produced from several retorting 
processes as a feedstock for steam pyrolysis. The effects 
of feed composition, operating variables, and nitrogen level 
on product distribution will be studied. The objective of 
this first stage of the overall research program is to develop 
a steam pyrolysis unit to study the utilization of shale oil 
produced from the TOSCO II retorting process as a feedstock 





Pyrolysis has been established as an effective process 
for producing chemical intermediates. Processes have been 
proposed and/or developed for cracking crude (13»1^*15*l6,17), 
vacuum gas oil (18), and vacuum residuum (19). The previous 
significant experimental work with shale oil has been done 
by the Laramie Energy Research Center of the Energy Research 
and Development Administration (10,20) and the Institute of 
Gas Technology (11).
One series of tests by the Laramie Center involved the 
retorting of pulverized oil shale, entrained in steam or 
other gaseous media, in a vertical tube high temperature 
retort. In another series, shale oil from a conventional 
retort was pyrolyzed for comparison purposes. The latter 
series is the one relevant to this study. The results show 
a significant conversion to the chemical intermediates of 
interest? however, all runs were made below 1200 F, which is 
below the temperature interval of interest in this study.
The studies made by the Institute of Gas Technology 
involved the steam pyrolysis of a crude shale oil in a 
continuous flow vertical tube reactor. The experimental runs 
were made at higher temperature than the Laramie tests. The 
shale oil studied was produced from Green River formation shale 
by the Bureau of Mines gas combustion and the Union Oil Co.
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processes. The experiments were run for reaction times over 
the l- to 4,5 second range at 1400, 1470, and 1550 F for 
gasification at atmospheric pressure, at partial pressures 
of the product gas from 0.64 to 0.76 atm. Thus, while the 
temperature range is sufficiently high, the reaction times 
are relatively high. The results obtained by IGT will 
provide a basis for comparison.
Reaction Variables
Feed composition- The ultimate yields of chemical inter­
mediate products is greatly dependant on the composition 
of the feedstock. Numerous studies have been conducted to 
determine the yields from both pure compounds and commercial 
feedstocks. The ease of conversion of various feedstocks 
to ethylene has bee., summarized by Zdonik, ejt al. (1.8) and 
Vanderkooi (21). The feedstocks in order of decreasing 
convertability are











light Olefins benzene + toluene
other light olefins 22,23
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Generally, yields of olefinic and aromatic products decrease 
as the weight of the feedstock increases. Additionally, 
the lighter olefins may undergo secondary reactions with each 
other to condense into monoaromatics (22,23). Thus, feedstocks 
having different paraffin-olefin-naphthene-aromatic (PONA) 
compositions and different weights will produce different 
product compositions.
The shale oil to be pyrolyzed in this study is from a 
TOSCO II process retort with properties (24)
Distillation curves for the TOSCO oil and crude shale oils 
from the gas combustion retorting process and the Union Oil 
retorting process (The oils used by the Institute of Gas 
Technology.) as reported by Cameron Engineers (25) are 
included in Appendix Figure A-l for reference.
Temperature— Chambers and Potter (12) report that cracking 
reactions at highest temperature gave maximum ethylene 
yields. As temperature is increased, hydrogen, methane, and 
ethylene yields go up, propanes, butanes, and pentanes go 








The Institute of Gas Technology (11) conducted their pyrolysis 
tests between 1400 and 1550 F. Dow Chemical (21) operates 
between 1382 and 1562 F. The temperature interval selected 
for this study is
1300 - 1600 F.
Time— For maximum yields of light olefins, low hydrocarbon
residence time is essential (26). The previous studies have
been made with residence time ranges of 0,5 - 1.5 seconds (21)
and 1.0 - 4.5 seconds (11). The importance of low residence
times is explained by Kamptner (17)
"The chronological course of the reaction in­
fluences the occurrence of disturbing secondary 
reactions which are generally noticeable in 
a reduction in the yield of valuable primary 
cracked products."
The residence time is based on the reactor void volume, the
volume of steam flc- at atmospheric pressure and reaction
temperature, and the ideal-gas volume of 300-molecular-
weight oil at atmospheric pressure and reaction temperature.
The residence time interval selected for this study is
0.4 - 1.2 sec.
Steam-oil ratio— In steam pyrolysis, the steam acts as a 
diluent to prevent excessive coke formation, as an oil 
preheat heat source, and as a carrier medium. In the 
temperature range of interest the steam does not participate 
in the reactions. Studies have been made with steam- 
hydrocarbon mass ratios of 0.2 - 0.8 (21) and 0,5 - 1*0 (26)
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for feedstocks in the range light naphtha to heavy gas 
oil. The steam-hydrocarbon mass ratio interval selected 
for this study is
O A  - 1.2
Pyrolysis severity factor— Numerous severity factors have 
been developed and/or utilized for correlating pyrolysis, 
results (11, 12, 21, 26, 27, 28). The most common severity 
factor is that used by the Institute of Gas Technology which 
takes the form
S « T60#0^ 
where S is pyrolysis severity factor 
T is reaction temperature, F 
© is residence time, sec.
The results of this study are correlated with the IGT 
severity factor with an additional factor to account for 
the effect of steam-hydrocarbon ratio.
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EXPERIMENTAL EQUIPMENT
The bench-scale pyrolysis unit used in this study, as 
shown in Figure 1, is similar in concept to any conventional, 






Distilled water is gravity fed to a Manostat Ministaltic
Oscillating Pump. Flow rate is controlled with a single knob
that varies current. The pump provides virtually continuous 
non-pulsing flow. A Manostat 2-mm-bore Teflon needle valve 
is used to extend the range of the pump to the flow rate 
required. The water first flows through a boiler. The boiler 
consists of a tightly wound coil of i-in.-OD copper tubing 
inside the 6-in.-deep by li-in.-diara heated chamber of a Hoskins 
3-amp Electric Furnace. Water then flows through a superheater. 
The superheater is a 10-ft length of i-in.-OD 316 ss tubing.
The tubing is wrapped with two £-in. by 8-ft Briskeat heating 
tapes and 6 layers of asbestos cloth insulation. Power supplied 
to the boiler and each of the heating tapes is controlled by 
a Powerstat 7i-amp 1-KVA rheostat.
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Diaphragm Pump. The flow is controlled by varying stroke 
length with an adjustable micrometer control. The oil is 
pumped through t-in.-OD Jl6 ss tubing and injected through 
l/8-in.-0D 316 ss tubing into the superheated steam. The 
steam-oil vapor mixture then flows into the top of the 
reactor pipe through i-in.-OD 316 ss tubing.
Reactor System
The reactor is a 12 in. section of a 24 in. piece of 
1-in. schedule-40 304 ss pipe as shown in figure 2. The 
steam-oil vapor mixture enters the pipe 6 in. above the 
reactor and flows through the reactor where it undergoes 
the pyrolysis reaction. The reactor is packed with 83 
i-in. Coors P-198 ceramic balls. The balls reduce the volume 
of the reactor, cause turbulance in the flow, and transfer 
heat to the vapor. The packing is held in place with 
nickel-chrome wire gauze. The reactor is heated with a 
Lindberg single-zone tube furnace. The temperature of the 
reactor is controlled by a Lindberg single-zone control unit 
that operates in the range 200-1200 C and responds to a 
Platinel II thermocouple in the heated section of the furnace. 
The temperature within the reactor is monitored by five 1/16- 
in. 316 ss chromel-alumel thermocouples located as shown in 
figure 2. The thermocouples are connected to a Moseley 
Autograf strip-chart recorder for continuous monitoring 
through an ice-water cold junction.
$ flow direction 
• thermocouple 
O  ceramic ball 




The vapor mixture leaving the reactor first flows into 
a surge tank where the steam and some of the oil condense. 
The surge tank is a 6 in, section of ^-in. schedule-10 30^ 
ss pipe with a weld-cap welded to each end. Water and the 
condensed oil flow from the bottom of the surge tank into a 
liquid receiver. The gas coming off the top of the surge 
tank may take either of two paths. When an experiment is 
not being performed, the gas flows directly out the vent. 
During an experimental run the gas flows through two tap- 
water glass condensers, an ice-water condenser, and a 
pyrex wool fibre filter. Condensed oil is collected at 
several points in the condenser-filter system.
Sampling System
Normally, the uncondensed gas leaving the filter is 
vented to the atmosphere. During the sampling procedure 
the flow is switched to a Hoke 316 ss flow-through bomb and 

















The experimental procedure for each run was relatively 
simplei however, due to the nature of the liquid products, 
extensive cleaning and weighing were required for each 
experimental run.
Prior to a run all glassware in the condensing system 
was weighed. The porcelain balls for packing were weighed 
and loaded in the reactor. The system was then assembled 
for operation. The required temperature was set on the 
controller and the furnace was turned on. While the furnace 
was coming up to reaction temperature, the recorder was 
turned on and calibrated with a voltage-source potentiometer. 
When the furnace reached reaction temperature, the boiler 
and superheaters we e turned on. After a few minutes, the 
required water flow rate was set, and the water pump was 
turned on and allowed to run until a steady flow of steam 
emerged from the exit of the reactor.
When the steam flow was obtained, the experiment was 
ready to commence. The required oil flow rate was set, and 
the oil pump and timer were started. About fifteen minutes 
into the run, the volumetric flow rate of the product gas 
was measured.for about five minutes, and a sample of the gas 
collected. When the experiment was concluded, the oil pump 
was turned off, the elapsed time recorded and the volume of 
oil and water passed through the system was recorded.
T 1825 16
Steam was allowed to flow a few more minutes, and the 
water pump, boiler, superheater, recorder, and cooling 
water were then turned off. The system was disassembled 
and the glassware and balls were weighed. The gas sample 
was subsequently analysed by conventional gas chromatography. 






A series of experimental runs were made with a feedstock 
of shale oil from a TOSCO II retort. The three reaction 
variables— temperature, residence time, and steam-hydrocarbon 
ratio— were varied in a three-dimensional partial lattice to 
determine their relationship to gaseous product yields. Two 
additional runs were made to check the reproducibility of 
the system. The reaction conditions and corresponding product 
analyses are summarized in Appendix Tables 1-9. The effects 
of the reaction variables are discussed in the following 
.sections.
Temperature
Tests for temperature effects were made at temperatures 
of 1300, 1450, and 1600 F for 0.8 sec residence time and 0.8 
steam-hydrocarbon ratio. The results are tabulated in Appendix 
Tables 1-3. In Figure 4 the volumetric gaseous product yields 
are plotted as a function of reaction temperature.
Increasing temperature rapidly increases both the weight 
per cent of the feed converted to gaseous products and the 
total volume of gaseous products. Gaseous product yields 
ranged from 3.96 standard cubic feet per pound and 31*46 
weight per cent converted at 1300 F to 9.23 standard cubic 
feet per pound and 56.68 weight per cent converted at 1600 F. 
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ball packing and reactor walls increased with temperature.
As can be seen in Figure 4, increasing temperature 
significantly increases the yields of hydrogen, methane, 
and ethylene. Higher temperatures promote extensive addi­
tional cracking of the vaporized oil and thus the increased 
production of the lighter gaseous products. Ethylene 
production increased from 1,17 standard cubic feet per 
pound at 1300 F to 3.27 standard cubic feet per pound at 
1600 F. Corresponding increases of methane from 0.86 to 
3.93 ami hydrogen from O.18 to 0.49 were obtained. Pro­
pylene production increased from 0.71 standard cubic feet 
per pound at 1300 F to 0.97 at 1450 F and then decreased 
to 0.52 at 1600 F due to further cracking to lighter products.
Residence Time
The effect of residence time within the reactor was 
investigated at times of 0.4, 0.8, and 1.2 sec for 1450 F 
temperature and 0.8 steam-hydrocarbon ratio. The experi­
mental results are tabulated in Appendix Tables l, 4, and 
5. The volumetric gaseous product yields are plotted as 
a function of residence time in Figure 4.
For the low residence times investigated a great vari­
ation in product yields and compositions was not expected.
This expectation is represented in Figure 4. As residence 
time is increased from 0.4 to 1.2 sec the weight per cent 
converted to gaseous product increases from 50.06 to 5^.^#
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and the volumetric gaseous product yields increase from 
6.78 to 7.84 standard cubic feet per pound. Also, the 
weight per cent solid products increases with increasing 
time. Increasing the residence time effects the component 
yields similarly to increasing the temperature but much 
less severely. As residence time was increased from 0.4 
to 1.2 sec, hydrogen yields increased from 0.31 to 0.45 
standard cubic feet per pound, methane yields increased 
from 1.92 to 2.46, and ethylene yields increased from 2.44 
to 2,78. Propylene yields remained essentially constant 
at 1.0 standard cubic feet per pound. ..
Steam-hydrocarbon Ratio
Experimental runs were made to investigate the effect 
of steam-hydrocarbon ratio on product yields and compositions 
at ratios of 0.4, u.8, and 1.2 for 1450 F temperature. The 
experimental results are tabulated in Appendix Tables l, 6 
and 7. The volumetric gaseous product yields are plotted as 
a function of steam-hydrocarbon ratio in Figure 4.
As demonstrated by Figure 4 the effect of increasing 
the steam-hydrocarbon ratio is similar to increasing the 
residence time. As the ratio is increased from 0.4 to 1.2, 
the weight per cent conversion to gaseous products increases 
from 49.31 to 55.63# and the volumetric gaseous product 
yields increase from 7.02 to 7.88 standard cubic feet per 
pound. Weight per cent solid products also increases with
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increasing ratio.
Although increasing the ratio increases cracking, the 
cracking tends more toward production of ethylene rather 
than methane. As the ratio was increased from 0.4 to 1.2, 
hydrogen yields increased from 0.34 to 0.48 standard cubic 
feet per pound and ethylene increased from 2.4l to 2.87. 
Methane production remained nearly constant between 2.2 and 
2.3 standard cubic feet per pound. Propylene yields re­
mained essentially constant at 1.0 standard cubic feet per 
pound.
Pyrolysis Severity Factor
The pyrolysis severity factor is an attempt to combine 
the effects of all the reaction variables on product com­
positions and yields into one variable. As mentioned in a 
previous section a common form of the severity factor is
S = T©° .06
The experimental results of this study will be correlated 
with the above relation with an additional factor to account 
for the effect of the steam-hydrocarbon ratio. Since the 
steam-hydrocarbon ratio has a similar effect on the products 
as residence time does, the correction factor for the ratio 
will be similar to the time correction factor. The relation 
that will be used for correlation is
S Y0O.O6 ratio°
where ratio is the steam-hydrocarbon mass ratio.
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Figure 5 shows the effect of pyrolysis severity factor, 
on volumetric gaseous product yields. Greater severity of 
operation yields greater volumes of paraffins (mainly methane) 
and light olefins.
Figure 6 shows the gas composition in mole per cent 
as a function of the pyrolysis severity factor. Greater 
operation severity results in increased hydrogen and methane 
contents and decreased contents of higher paraffins and olefins. 
Except for the low temperature run, the ethylene content was 
nearly constant in the range 3^.37-36.39 mole per cent.
The effect of severity on light olefin production is 
shown in Figure 7. Greater severity of operation results in 
the following trends; Ethylene production first increases 
rapidly and then tapers off to a steady rise. If severity 
were increased beyond the range of this study then an eventual 
decrease in ethylene production can be expected via secondary 
reactions.as predicted by Kamptner (17) and obtained by IGT 
(11). The maximum yield of ethylene obtained was 3.3 stan­
dard cubic feet per pound which corresponds to 2^.2 weight 
per cent of the feed. Propylene production gradually in­
creases then gradually decreases due to further cracking 
via secondary reactions. Propylene yield peaked at 1.0 
standard cubic feet per pound or 10.8 weight per cent of the 
feed. Combining both ethylene and propylene yields into a 
total light olefin yields results in a rapid initial increase 

















































































to decrease at high severity. The maximum total light 
olefin yield was 3.8 standard cubic feet per pound and 
31.8 weight per cent of feed.
Figure 8 shows the effect of severity on solid products. 
Carbon deposits increase approximately linearly with pyrolysis 
severity.
Comparison with IGT
Figure 9 compares the results of a study of crude shale 
oil pyrolysis by the Institute of Gas Technology with the 
experimental results of this study. Total gaseous product 
volumetric yields and ethylene yields are compared. The IGT 
tests were made on crude shale oil from the gas combustion 
retorting process and the Union Oil retorting process. A . 
crude shale oil from a TOSCO II process retort was used in 
this study. Comparing the distillation curves of the oils 
in Appendix Figure A-1f it is evident that the TOSCO oil has 
a much greater quantity of light ends than the other two oils. . 
Thus a higher total gas and ethylene production would be ex­
pected. Figure 9 shows the expected higher production. The 
total volume of gaseous products from the TOSCO oil is consis­
tently higher than the total volume from the IGT tests for 
constant reaction severity. Significantly greater yields of 
ethylene were also obtained at constant reaction severity.
The comparison of the two studies is limited to a 
qualitative comparison only. The uncertainty is caused by 





















































































Reaction times for IGT’s tests were calculated on the basis 
of the final product rate, the "average indicated" reaction 
temperature, reactor pressure, and the reactor volume.
However, the method of determining the "average indicated" 
reaction temperature was not reported. The residence times 
for this study were calculated on the basis of the reactor 
void volume, the volume of steam flowed at atmospheric 
pressure and reaction temperature, and the ideal gas volume 
of 300-niolecular-weight oil at atmospheric pressure and 
reaction temperature. Appendix Figure A-2 shows the temper­
ature distributions along the length of the reactor for 1300* 
1^50, and 1600 F. The temperature profiles were determined 
for the non-flow case. During operation, inlet temperatures 
were less than, midpoint temperatures were equal to, and exit 
temperatures were greater than the corresponding non-flow 
temperatures. The temperature distributions show that temper­
ature within the reaction zone is far from constant. Thus it 
is apparent that the results of the two studies cannot be com­
pared with extreme accuracy.
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CONCLUSIONS
1. Steam pyrolysis characteristics of a TOSCO II shale 
oil were studied and the results were reasonably suc­
cessful. Up to 24 weight per cent of the feed was 
converted to ethylene, and up to 6 weight per cent
was converted to propylene. The results are comparable 
with reported results and predictions for crude oil, 
gas oil, and shale oil. For example, Sherwin and Fuchs 
(30) have predicted yields of 23 weight per cent ethylene 
and 5 weight per cent propylene for cracking unrefined 
shale oil. Additionally, Stork, et al. (13) report 
expected ethylene yields of greater than 20 weight per 
cent for several proposed petrochemical refinery schemes.
2. Within the ranges studied, an increase in any one of 
the reaction variables— temperature, residence time,
or steam-oil ratio— resulted in an increase of severity 
of operation.
3* The effect of increasing temperature is extreme.
Increasing time and ratio have a much smaller effect.
4. A modified form of a commonly used pyrolysis severity 
factor satisfactorily correlates the experimental results,
5. Increasing the severity of operation gave the expected 
trends in product compositions and yields.
a) Weight per cent of feed converted to gaseous products 
increased.
T 1825
b) Total volume of gaseous products increased.
c) Weight per cent of feed converted to solid carbon 
products increased.
d) Methane and total light paraffins increase signif-. 
icantly.
e) Ethylene production is nearly constant with respect
to mole per cent in the gaseous product, but the volu­
metric yields increase steadily.
. f) Propylene yields gradually increase then gradually 
decrease as secondary reactions occur, 
g) The total light olefin yields increase sharply at 
first, level off, and then begin to decrease at 
high severity.
6. Single zone furnaces provide poor temperature profiles 
within the reaction zone.
7. Crude shale oil from a TOSCO II retort yields greater 
total gas and ethylene than crude shale oil from the
* gas combustion retort of the Union Oil retort. The 
increased yields are due largely to the greater quan­
tities of light ends in the TOSCO oil.
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RECOMMENDATIONS
The most important improvement that could be made is to 
obtain a more uniform temperature profile. With a more uni­
form profile the pyrolysis severity would be a better repre­
sentation of the reaction conditions, and the corresponding 
experimental results would be more accurate. Two ways of 
improving the temperature profile follow.
1. Replacing the single-zone furnace with a three-zone fur­
nace would provide better temperature control. Three 
thermocouples located in the reaction zone would keep a 
greater portion of the reactor at or near the reaction 
temperature.
2. Replacing the steam superheater with a tube furnace would 
increase the inlet temperature. The current superheater 





TIME duration of experiment, min
VOIL volume of oil flowed during experiment, ml
VH20 volume of water flowed during experiment, ml
TR reaction temperature, deg R
TF reaction temperature, deg F
P atmospheric pressure, mm Hg
VFR volumetric flow rate of product gas, ft^/hr
TG product gas temperature, deg R
SOLID solid product weight, g
OIL weight of oil flowed, g
OILMOL moles of oil flowed, g-mole
OILVAP volume of oil vapor flowed, ml
H20 weight of water flowed, g
SPVOL specific volume of steam, ft^/lb-mass
VSTEAM volume of steam flowed, ml
VTOTAL total volume of oil vapor and steam, ml
TAU residence time in reactor, sec
RATIO steam-oil mass ratio
F(I) component chromatograph sensitivity
ATTEN(I) component chromatograph attenuation
W(I) component molecular weight
AREA(I) component chromatograph peak area
TAREA total chromatograph peak areas
PCM(I) component mole per cent of product gas
WEIGHT molecular weight of product gas
T 1825 35
GAS gas product weight, g
PCG weight per cent of feed converted to gas
PCS v/eight per cent of feed converted to solid
PCL weight per cent of feed converted to liquid
PCWG(I) component weight per cent of product gas
PCWF(I) component weight per cent of feed converted to gas
RT product of ideal gas constant and standard temperature
V(I) component volume in product gas, SCF/lb-feed
TOTALV total volume of product gas, SCF/lb-feed




3. methane4. carbon dioxide






t. Reactor volume calculation
a. by volumetric displacement
100~klis = cm^/ball
b. packing volume
(83 balls) (.93 cm3/ball) = 77.19 cm3
c. thermocouple volume
0^/4)(1/16 in.)2(36 in.)(2.54 cra/in.)^ = 1.8l cm^
d. pipe volume— l ft of l" sch 40 pipe
(V4) (1.049 in.)2(l2 in.) (2.54 cm/in.)^ = 169.95 cm^
e. reactor volume
169.95 - 1.81 - 77.19 = 90.9 cm3
2. Experimental run calculation
a. oil properties
specific gravity * 22 API = .9218
molecular weight = 300
volume of oil flowed = V0 ml
mass of oil flowed = .9218 VQ g
moles of oil flowed = .9218/300 VQ g-mol
oil vapor volume flowed * (.9218/300 V0)(RT/P)
(ideal gas at reaction T and P)
b. steam properties
steam specific volume at reaction T and P =
(87.33 + .0497(T-1760 R))ft3/# 
steam volume flowed = (mass of 1^0 flowed)(specific volume)
T 1825 37
c. reaction properties
total volume flowed = steam volume + oil vapor volume 
residence time = (reactor volume)(elapsed time)
d. product compositions
1. chromatograph = (peak area)(attenuation)(sensitivity) 
component area
2. mole fraction = component area 
of product gas ^component areas
3. molecular weight = 2(molecuiar weight)(mole fraction) 
of product gas
4. product gas mass = (P/RT)(product volumetric flow rate) 
(at meter. P and T) (elapsed time)(molecular weight)
5. gas weight % of feed = product gas mass x 100
7. liquid weight % of feed = 100 - gas % - solid %
8. component weight = (mol per cent)(molecular weight)
% of product gas product gas molecular weight
9. component weight = (gas weight % of feed)(component
% of feed weight % of product gas)
10. volume of product gas (RT/P)(component weight % feed) 
(standard conditions) Cj (component molecular weight)
11. pyrolysis severity factor = (reaction T)(residence time)#(̂
Ttotal volume flowed)
steam-hydrocarbon ratio = mass of H^O flowed
mass of oil flowed
mass of oil flowed
6. solid weight % of feed = solid mass x 100
mass of oil flowed
(ratio)
e. sample experimental calculation
1. experimental data 
TIME * 43 min 
VOIL * 63 ml
T 1825
YH20 = ml
TF s= 1450 F
P s 6l8 torr
VFR r: 1.675 ft3/hr
TG sz 531 R
SOLID = 3 g
calculated values
TR = 1910 R
OIL s 58.07 g
OILMOL s: .1936 g-mol
OILVAP = 20739 cm3
H20 ss 44 g
SPVOL = 94.785 ft3/#
VSTEAM = 260383 cm3
VTOTAL s 281122 cm3
TAU = .834 sec
RATIO = .758
I F ATTEN W AREA PCM PCWG PCWF V
1 16.3124 . 1 2.016 10.04 5.234 0.390 0.208 0.39
2 1.0000 32 28.010 5>5 5.573 5.767 3.072 0.41
3 1.1628 32 16.043 24.35 28.956 17.162 9.143 2.164 0.7743 2 44.010 4.77 0.236 0.383 0.204 0.0!
5 0.9155 32 28.054 38.33 35.887 37.195 19.815 2.686 0.8213 32 30.070 4.94 4.149 4.609 2.456 0.31
7 0.8201 2 34.076 3.53 O.185 0.233 0.124 0.016 0.6852 8 42.081 73.76 12.921 20.088 10.701 0.96
9 0.5963 8 45.097 3.71 O.566 0.921 0.491 0.0410 0.5500 1 57.000 358.00 6.293 13.251 7.059 0.47'
WEIGHT «= 27.068 g/g-mol
GAS = 30.94 g 
PCG » 53.27 %
PCS - 5.17 %
T 1825 39
PCL ■= 4-1.56 %




The program developed for data analysis accepts the 
reaction variables (TIME, VOIL, VH20, TF, P, VFR, TG, and 
SOLID) with units as listed in the Notation section. Mass
flow rates, volumetric flow rates, residence time, and mass
ratio are calculated. Individual component chromatograph 
peak areas are then accepted. The program then calculates 
for each component in the product gas
1) mole per cent of gas
2) weight per cent of gas
3) weight per cent of feed
4) volumetric yield.
The pyrolysis severity factor, the total volumetric yield, 
and the weight per c^nt conversion to gas, liquid, and solid
are all calculated. A listing of the program follows.
DIMENSION F ( 1 0  )#AREAC10 ) , ATTENCl 0 ) , WC1 0 >, 
1PCMC10>*PCWG<10)#PCWFC10># VC 1 0)
C - DATA INPUT
READC 4#1 ) T I M E * V O I L # V H 2 0 # T F # P # V F R * T G # S O L I D  
I FORMAT C 4 F )
T R * T F ♦ 4 6 0 •
C OI L  PROPERTIES
O I L c • 9 2 1 8 *  VO IL  
0 I L M 0 L = 0 I L / 3 0 0 •
OILVAP= 8 2 •  1 *  7 6 0 • / 1 . 8 * 0 I L M 0 L * T R / P  
C STEAM PROPERTIES
H20=VH20
S P V 0 L = 8 7 . 3 3 + . 0 4 9 7 * CTR- I  7 6 0 .  )
VSTEAM= SPVOL* 2  8 3 2 0 ./A  5 3 . 6 * H 2 0  
C REACTION PROPERTIES
VT0TAL=VSTEAM+0 ILVAP  
TAU= 9 0 • 9 / C V T O T A L / C T I M E * 6 0 .  )>
R A T I 0 s H20 / 0 1L
T 1825
C CHROMATOGRAPH S E N S I T I  V I T I E S
F < 1 > = 1 6 . 3 1 2 4  
F(2 >=1 .
F C 3 > = 1 . 1 6 2 8  
F C 4 > = . 7 7 4 3  
F C 5 ) = . 9 1 5 5 3  .
. FC6> = .  8 2 1 3  
F C 7 > = . 8201  
F < 8 > = . 6 852  
F< 9 >= » 5 9 6 3  
F < 1 0 > = . 5 5
C STANDARD ATTENUATIONS
ATTEN<1>=!  .
ATTEN C2 > = 3 2 •
A T T E N < 3 > = 3 2 .
A TTENC4 > = 2 .
ATTEN ( 5  > = 3 2 •
ATTEN C6 > = 3 2 •
ATTEN( 7  ) = 2 •
ATTEN C 8 )  = 8 •
ATTENC9 ) = 8 .
ATTEN( 1 0 >= 1 .
C MOLECULAR WEIGHTS
W C 1 ) = 2 . 0 1 6  
W C 2 ) = 2 8 . 0 1  
W C 3 ) = 1 6 . 0  43  
WC4> = 4 4 . 0 1  
W ( 5 > = 2 8 . 0 5 4  
W C 6 > = 3 0 . 0 7  
W<7 > = 3 4 . 0 7 6  
WC8 > = 4 2 . 0  81 





















DO 2 0  KX 1 # 10  '
READ < 4 # 1 0 )AREA CK >
FORMAT( F )
A REA (K )  = AREA CK ) ♦ATTEN C K ) * FC K )  
TAREA=TAREA+AREACK>
MOLE PER CENT*-PRODUCT GAS 
DO 30 K = ! i I 0
P C M CK ) = A R E A C K ) / T A R E A * l 0 0 •
MOLECULAR WE IGHT - - PRO DU CT GAS 
WEIGHTs 0 •
DO 40 K =1# 1 0
WEI GHT=WEIGHT+WCK)*PCMCK>/10 0 *
PRODUCT GAS PER CENT OF FEED
GASX * 0 1 3 6 3 4 8 1 2 8 * P * V F R * T I M E * W E I G H T / T G
P C G - G A S / O I L * 1 0 0 •
SOLID PER CENT OF FEED '
PCS=SOLI  D / O I L * 1 0 0 .
L I Q U I D  PER CENT OF FEED 
P C L = 1 0 0 . - P C b - P C S
GAS WEIGHT PER CENT OF PRODUCT GAS AND FEED 
, DO 50 K*  1 * 1 0 
PCWGCK)=PCMCK)*W(K) / WEI GHT.
PCWFCK) = PCG*PCWG C K > / l 0 0 -  
VOLUME OF PRODUCT GAS 
R T = 5 2 0 . * . 7 3 0 2 / 1 0 0 *
TOTALV=0.
DO 60 Kx 1# 1 0 ' ,
VCK>=RT*PCWFCK>/WCK)
TOTALV=TOTALV+VCK)>
PYROLYSIS SEVERITY FACTOR 
PSF= T F * T A U *  * • 0  6 * RAT10 *  *  * 0 5
T 1825 ^3
C ' RESULTS OUTPUT - . . . .  , .
W R I T E <A , 1 0 0 ) T F * T A U , R A T I O # P SF ,PCG*TOTALV
W R I T E <4# 101 5 (PCM(K 3,PCWGCK) , PCWFCK3 , V <K 3 * K = 1* 1 0 > * P C L * P C S
100 F O R M A T f / / / / / / / / / / 4 X *  'REACTION TEMPERATURE * » F 1 • \» ’ DEG F ’ 
1 / 4 X ,  ’ REACTION T I M E ' # F 6 * 3 *  * SEC*
1 / 4 X #  ’ STEAM- CIL  R A T I 0 * # F 6 * 3
1 / 4 X ,  'PYROLYSI S SEVERITY FACT0R’ # F 7 . l
1 / / 4 X j ’ GASEOUS PRODUCTS*
1 / 7 X #  *WT 2 OF F E ED'* F 6»2 
1/ 7 X #  * SCF/LB OF FEED * * F5« 2
1 / / 7 X #  * COMPONENT ' 12X*MOL 2 GAS’ 3X*WT 2 GAS*3X*WT X FEED*  
1 3 X ’ S C F / #  FEED*
1 / 7 X * ------------------- ' 1 2X * ---------------------- *3X  * 3X * ----------------------*
1 3 X * ---------------------- ’ >
101 FORMAT( 8X * HYDROGEN *8 X * 2 C 6 X . » F 5 . 2 3 , 2 C 7X>F5• 2 )
I / 8X*CARBON MONOXIDE * 1X , 2  C 6 X * F 5 * 2 3 * 2 (  7X # F 5 • 2 >
1 / 8 X ’ METHANE * 9 X , 2 < 6X , F 5 .  2 3 ,  2 C 7X# F 5 * 2 >
1/ 8 X  * CARBON D I O X I D E ' 2 X ,  2 C 6 X , F 5 . 2 3 , 2 < 7 X , F 5 . 2>
1 / 8 X ’ ETHYLENE * 8 X , 2 C 6 X , F 5 . 2 3 # 2 C 7 X , F 5 * 2 >
I / 8 X ’ ETHANE * 1 0 X* 2 ( 6 X * F 5 . 2  3 , 2C 7 X , F 5 . 2  >
1 / 8 X ’ HYDROGEN S U L F I D E ’ 2 C 6 X , F 5 . 2 3 , 2 C 7 X # F 5 . 2 >
1 / 8 X ’ PROPYLENE * 7 X , 2 < 6 X , F 5 . 2 3 *  2 C7X, F 5 .  2>
1 / 8 X ’ PROPANE * 9 X#2 C6 X ,F 5 • 2  3 , 2 C 7X,  F 5 . 2 )
1 / 8 X ’ BUTENES’ 9 X , 2 < 6X* F 5 . 2 > * 2 C 7 X # F 5 . 2 )
1 / / 4 X ’ L I Q U I D  PRODUCTS’
1 / 7 X ’ WT X OF F E ED ’ * F 6 • 2  '
1 / / 4 X  ’ SOL. I D  PRODUCTS’
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